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bstract
According to the large number of variable voltage/variable frequency drive (VVVFD) systems, a continuous effort for developing
ew switching techniques to minimize the harmonics level and improve the power quality in such systems. The Space Vector
ulse Width Modulation SVPWM techniques, which are based on trigonometric functions, have dense calculations that require
onsiderable processing time in system implementation.
In this paper a comparative study for two linearization methods are carried out for generating the time intervals of SVPWM
echnique. The proposed linearization methods achieve a minimum computational time rather than the trigonometric sine function
hich is considered the base for the time interval calculations of the SVPWM technique. The first linearization method is based
n the first order equation, and the second method is the (Takagi–Sugeno) fuzzy modeling system. The comparative study includes
he accuracy of the two models, also a simulation model is carried out for current THD estimation using the two proposed methods
ompared with the current THD generated by SVPWM based on the trigonometric sine function.
 2016 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
eywords: Space Vector Pulse Width Modulation (SVPWM); Systems modeling (SM); First order equations; Takagi Sugeno (T–S) fuzzy model
Abbreviations: ¯Vx, the generated output vector of the SVPWM; ¯VA, component of ¯Vx aligned in the directions of the active vectors ¯V1; ¯VB,
omponent of ¯Vx aligned in the directions of the active vectors ¯V2; Vx Max, the maximum generated output line vector tangent to the hexagonal; V1,
he 1st adjacent active vectors to sector 1; V2, the 2nd adjacent active vectors to sector 1; ¯V0/7, the two null vectors; VDC, the DC-link voltage of the
nverter; Ts, sampling frequency of the SVPWM; TA, the applied time of the vector ¯VA; TB, the applied time of the vector ¯VB; T0, the applied time
f the two null vectors; TA/Ts, the per unit of the applied time of the vector ¯VA; TB/Ts, the per unit of the applied time of the vector ¯VB; T0/Ts, the
er unit of the applied time of the null vectors; m, the ratio of the line vector of the inverter output to the dc-link voltage; M, modulation index; Ai,
st term constants of the 1st order equations for SVPWM; Bi, 2nd term constants of the 1st order equations for SVPWM; n, number of membership
unctions; k, number of input variables; x1. . .xk , input variables, used as the premises of fuzzy logic implications; An1 . . .A
n
k
, membership functions
f the input variables, used to measure the qualities and quantities of the inputs; y, total output from fuzzy model; yn, output from n implication;
n
, relations (implications), used as descriptions of system input–output behavior; pn0, ..pnk , constant parameters, used for overall model.∗ Corresponding author.
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1.  Introduction
A continuous effort is introduced for developing new switching techniques to minimize the harmonics level and
improve the power quality in such systems. One of these techniques is the Space Vector Pulse Width Modulation
SVPWM technique, which are based on trigonometric functions, one of the major drawbacks of that technique it has
dense calculations that require considerable processing time in system implementation. Many literatures handle the
easy and fast implementation of SVPWM such as Alexa and Onea (2014), Janik et al. (2014) and Mansour (2015).
In this article a comparative study of alternatives models for the time intervals calculations based on sine trigono-
metric function of the SVPWM technique. These linearization models of the trigonometric function are adopted to
minimize the execution time for SVPWM techniques in the real systems.
The first linearization technique is based on the first order equations (Mansour, 2015), and the second linearization
technique is based on Takagi–Sugeno fuzzy model. The comparative study introduces a comparison between the two
linearization techniques based on the model’s accuracy, and the load current total harmonic distortion (THD). The first
linearization model has been detailed in Mansour (2015). The second linearization model is illustrated in Section 3.
2.  SVPWM  equations
The SVPWM is based on the six active vectors and the two null vectors to produce a rotating vector with a fixed
magnitude at the inner hexagonal shown in Fig. 1. The SVPWM seeks the average of the two adjacent active vectors
for each sector.
Consider sector “1” is bounded by vectors ¯V1(100), ¯V2(110) and the two null vectors ¯V0(000) and ¯V7(111). So the
maximum peak of the line voltage can be generated from the SVPWM at the inverter output is described in Eq. (1).
This maximum peak ¯Vx Max is achieved when the locus of the vector ¯Vx make a circle tangent to the inner of the
hexagon shown in Fig. 1.
The ratio of the inverter output line vector to the dc-link voltage m  =  |Vx|/VDC.
√
3
Vx Max =  VDC × 2 (1)
So the inverter output line voltage is controlled through controlling the ratio of the line output voltage to dc link
voltage from (m  = 0 to mmax. =
√
3/2).
Fig. 1. Space vector hexagon.
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As shown in Fig. 2, the vector ¯Vx with angle (α) is the resultant of the vector addition of both ¯VA and ¯VB as in Eq.
2).
¯Vx = ¯VA + ¯VB (2)
here ¯VA and ¯VB are the components of ¯Vx aligned in the directions of the two active vectors ¯V1 and ¯V2 (i.e. V100 and
110) respectively. ¯Vx can be approximated by applying V100 for a percentage of time TA to produce ¯VA and applying
110 for a percentage of time TB over a period Ts to produce ¯VB.
The average volt seconds along the X–Y  axis produced by the vectors ¯V1, ¯V2 and ¯V0/7 is equal to the volt seconds
f the vector ¯Vx over a switching period Ts as in Eq. (3).
¯Vx ×  Ts =
(
TA × ¯V1
)+ (TB × ¯V2)+ (T0 × ¯V0/7) (3)
o,
¯Vx =
(
TA
Ts
¯V1
)
+
(
TB
Ts
¯V2
)
+
(
T0
Ts
¯V0/7
)
(4)
Resolving ¯Vx vector along both X  and Y  axis Eqs. (5) and (6) are presented as follows:
| ¯Vx|  cos(α) ×  Ts =  VDC ×  TA +  VDC ×  cos(π/3) ×  TB (5)
| ¯Vx|  sin(α) ×  Ts =  VDC ×  sin(π/3) ×  TB (6)
So, from Eqs. (1), (3)–(6) the two per unit times TA/Ts, and TB/Ts of both active vectors ¯VA and ¯VB are expressed
s in Eqs. (7) and (8).
TA = 2√ ×  m|
√
3
2 ×  sin
(π −  ) (7)
Ts 3 0 3
TB
Ts
= 2√
3
×  m|
√
3
2
0 ×  sin(α) (8)
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So, Eqs. (7) and (8) can be reduced in the next forms:
TA
Ts
=  M  ×  sin(π
3
−  α) (9)
TB
Ts
=  M  ×  sin(α) (10)
where M  = (2/√3) ×  m|
√
3
2
0 is the modulation index.
This modulation index varies from (M  = 0 at m|=0 to (M  = 1 at mmax|=√3/2).
So, a controllable line vector of amplitude range varies from 0 ≤  Vx ≤  Vx Max is produced based on modulation
index “M” where 0 ≤  M  ≤  1.
The SVPWM switching time as in Eq. (11) is the sum of the applied time to the two active vectors (i.e. ¯V1 and ¯V2)
and the time applied to both null vectors ¯V000 and ¯V111.
Ts =  TA +  TB +  T0⁄7 (11)
Fig. 3. The per unit TA, TB, T0 versus the vector position angle alpha @ different modulation index.
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So, the null vector time T0 is expressed as in Eq. (12)
T0 =  Ts −  TA −  TB (12)
And, the per unit time of the null vector T0 is expressed as in Eq. (13)
T0
Ts
=  1 − TA
Ts
− TB
Ts
(13)
The last equations can be applied to sector 1 to sector 6 taking into consideration the switching pattern of each
ector.
Fig. 3 shows the variation of the per unit times TA/Ts, TB/Ts, and T0/Ts of both active vectors and the null vectors
gainst angle (α) from (0◦ to 60◦) at different modulation indices M  = 1, M  = 0.5, and M  = 0.1 respectively. It is clear
hat the per unit times TA/Ts, TB/Ts of the two active vectors are directly proportional to the modulation index. As
ell as the per unit time of the T0/Ts is inversely proportional to the modulation index. This means that to get large
utput voltage at the inverter terminals the two active vectors have time sharing greater than that of the corresponding
ime of the two null vectors, and vice versa.
It is clear from Fig. 3 that the time of the two active vectors TA and TB are mirrored (i.e. TA equation at angle α  = 0◦
ives the same value calculated from TB equation at angle α  = 60◦). So at any vector position at angle ◦ one equation
an be used to calculate both TB, and TA at angle   and angle (60 −  α) as shown from Eqs. (9) and (10) respectively.
.  Proposed  SVPWM  technique  based  on  T–S  (Takagi–Sugeno)  fuzzy  modeling  algorithm
Fuzzy models can be regarded as flexible mathematical structures that can approximate a large class of non-linear
ystems to a desired degree of accuracy.
The SVPWM, Takagi–Sugeno (TS) fuzzy modeling is adopted as the second linearization method. The idea is based
n linear mapping between vector position angle () and the per unit of the applied time interval (TB/TS), of the vector
¯
x as shown in Fig. 3.
Takagi–Sugeno, method of fuzzy inference is similar to the Mamdani method in many respects. The first two parts
f the fuzzy inference process, fuzzifying the inputs and applying the fuzzy operator, are the same. The main difference
etween Mamdani and Sugeno is that the Sugeno output membership functions are either linear functions of the inputs
r constant (singleton) (Takagi and Sugeno, 1985; Tanna and Deb, 2015; Kim et al., 1999; Babuska et al., 1999).
T–S fuzzy modeling is based on a fuzzy partition of input space. In each fuzzy subspace a linear input–output relation
s formed. The output of fuzzy reasoning is given by the aggregation of the values inferred by some implications that
ere applied to an input.
The general representation of the implication in TS modeling is as follows (Takagi and Sugeno, 1985):
R1 : Ifx1 isA11, ...,  andxk isA1k Theny1 =  p10 +  p11x1 +  ...  +  p1kxk.. (14)
Rn : Ifx1 isAn1,  ...,  andxk isAnk Thenyn =  pn0 +  pn1x1 +  ...  +  pnkxk (15)
The output y for the input (x1,.  . .,xk) is obtained as:
y  =
n∑
i=1
(Ai1(x1) ∩  ...  ∩  Ain(xn)).(pi0 +  pi1.xi +  ...  +  pik.xk)
n∑
i=1
(Ai1(x1) ∩  ...  ∩  Ain(xn))
(16).1.  Parameters  identiﬁcation  in  static  fuzzy  modeling  in  TS
The parameters identification means system coefficients (system parameters) based on the available input–output
ata under a certain meaningful model-matching criterion such as least squares.
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The final output for the inputs is given by the following formula (Takagi and Sugeno, 1985):
y  =
n∑
i=1
(Ai1(x1) ∩  ...  ∩  Ain(xn)).(pi0 +  pi1.xi +  ...  +  pik.xk)
n∑
i=1
(Ai1(x1) ∩  ...  ∩  Ain(xn))
(17)
Letβi = (A
i
1(x1) ∩  ...  ∩  Ain(xn)
n∑
i=1
(Ai1(x1) ∩  ...  ∩  Ain(xn))
(18)
y =
i=n∑
i=1
βi(pn0 +  pn1x1 +  ...  +  pnkxk) =
n∑
i=1
[βi βix1 ...  βixn ]
⎡
⎢⎢⎢⎢⎢⎢⎣
pn0
pn1
.
.
pnk
⎤
⎥⎥⎥⎥⎥⎥⎦
(19)
Suppose that a set of input output data is given in matrix (20):
x11, x
1
2, ...,  x
1
k,  y
1;
x21, x
2
2, ...,  x
2
k, y
2;
.
.
.
.
.
.
.
.
.
.
xn1 x
n
2 ...,  x
n
k y
n.
(20)
The coefficients (pn0 . . .pnk ) are determined by using the standard least square method (LSM) by substituting the data
from matrix (20) into Eq. (19).
Fig. 4. Tb versus the vector position angle alpha.
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Fig. 5. Membership functions of input vector position angle (α) in ranges between [0◦–20◦], [20◦–40◦], and [40◦–60◦].
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4.  Proposed  SVPWM  based  on  T–S  fuzzy  modeling
The fuzzy modeling in this technique is based on a fuzzy partition of input space; in each fuzzy subspace a linear
input–output relation is formed.
The idea of the proposed Takagi–Sugeno linearization model is based on linearization of a segmented curve shown
in Fig. 4.
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Fig. 7. The percentage error% Tb error versus the vector position angle () from T–S model.
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The introduced linearization technique assures that the SVPWM algorithm calculations are based on the first order
quations with a minimum computational time rather than trigonometric functions, which take a long processing time,
nd require sophisticated microcontroller systems. The membership functions of vector position angle () in degrees
ave three ranges from [0◦ to 20◦], [20◦ to 40◦], and [40◦ to 60◦] as shown in Fig. 5. The output of fuzzy reasoning is
iven by the aggregation of the values inferred by some implications that were applied to an input. The input–output
ata is divided into three segments.
The output is the p.u. of the applied time for ¯VB as a linear function in vector position angle (α) in degrees. The
utput surface from Sugeno modeling system is shown in Fig. 6. The error between the actual and modeled data is
ecorded in Fig. 7. Also the constants of the first order equations can be obtained by applying standard least square
ethod from input–output data and substituting in Eq. (20).
Fig. 9. Current THD% of the three models used for SVPWM generation.
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5.  Comparison  results
5.1.  Comparison  based  on  model  accuracy
Fig. 7 shows the percentage of error of the TB, between the SVPWM based in T–S fuzzy model and the SVPWM
based on calculations by trigonometric equation. It is clear that percentage error between the calculations of the two
equations is around (±0.02%) along the range of angle (α) which is considered as an acceptable error.
Also, a percentage error % error Tb/Ts comparison between SVPWM based on T–S fuzzy logic model and the
SVPWM based on first order equation (Mansour, 2015) are shown in Figs. 7 and 8.
It is clear that the SVPWM based on T S fuzzy model is more accurate than that based on first the order equation.
The percentage error in the T–S model is between (±0.02%) but for the SVPWM based on the first order equation
(Mansour, 2015) (Linear curve fitting) is between (±0.045%).
5.2.  Comparison  based  on  current  THD
A simulated model is carried out for generation the time intervals by the three compared models to execute the
SVPWM technique for feeding a three phase inverter to supply a 3-phase inductive load. The results are recorded at
different modulation indices as shown in Fig. 9.
6.  Conclusions
A comparative study for two linearization models for generation the time intervals of the SVPWM Algorithm have
been carried out. The accuracy of the T–S model is about double of the first model which is based on first order equation.
The reason is that T–S model deals well with the break points between lines segments according to the overlapping
between the different membership functions, which generates a smooth output surface. Also the load current THD has
been recorded and the value is oscillated between the two models as mentioned above. The T–S model is more efficient
in more complex system, but the first order based model is more efficient in simple systems. The proposed models
contribute in time reduction for execution of the SVPWM technique and also the level of the THD from both models
are accepted.
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